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1.  INTRODUCTION 


The  U.  S.  Amy  Electronics  Command  is  developing  standardized  power 
processing  modules  for  application  in  the  different  power  subsystem 
configurations  being  planned  for  digital  equipment  in  communications, 
data  handling,  surveilance  and  weapon  systems.  This  report  presents 
the  results  of  work  performed  under  contract  DAAB07-75-C-1324  for  the 
U.  S.  Arny  Electronics  Command  to  develop  a DC-DC  Converter/Regulator 
Power  Module. 

The  specific  objective  of  this  contract  was  the  development  of  a 
DC-DC  Converter/Regulator  that  would  provide  precision;  transient  free 
28V,  75A  output  power  from  a 20-40  unregulated  input  power  bus;  improve 
reliability  and  performance;  reduce  size  and  weight  and  reduce  development, 
production  and  logistic  costs. 

A study  of  power  processing  techniques  was  performed  in  order  to 
best  satisfy  the  electrical,  performance,  reliability  and  mechanical 
characteristics  for  the  2.4kW  DC-DC  Converter  Regulator.  As  a result 
of  the  review  of  the  power  stage  configurations,  available  power  semi- 
conductors and  power  rating  of  an  individual  power  module  for  the  DC-DC 
Converter  Regulator,  a new  transistor  series  inductor/parallel  inverter 
power  stage  was  developed  that  provided  the  necessary  DC-DC  conversion 
and  the  protection  of  the  power  semiconductors  during  steady  state,  trans- 
ient and  overload  operating  modes.  The  basic  features  of  the  DC-DC  Con- 
verter stage  is  the  power  inductor  which  has  two  windings,  one  in  series 
with  the  power  source  and  the  parallel  inverter  power  transformer  center 
tap  and  the  second  winding  in  parallel  with  the  output  filter  capacitor. 
During  the  on-time  of  the  power  transistors,  the  difference  between  the 
input  source  and  the  power  transformer  is  stored  in  the  inductor  primary 
winding  and  during  the  off -time  of  the  power  transistor,  the  energy  stored 
in  the  inductor  is  transferred  directly  to  the  output  filter. 

A complete  2.4kW  DC-DC  Converter  Regulator  was  designed,  breadboarded 
and  tested.  The  reliability  analysis  oredicts  a mean  time  between  failures 
of  8200  hrs.  The  complete  electrical  design  was  packaged  to  fit  into  a 
19  inch  rack  panel.  The  unit  was  fabricated  into  six  electrical  sub- 
assemblies  and  three  auxiliary  mechanical  subassemblies. 
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The  dimensions  of  the  unit  are  11  inches  in  height,  17  inches  in 
width,  18.25  inches  in  length  and  weighs  73.3  lbs.  The  front  panel  dimen- 
sions are  19  inches  wide  and  12.25  inches  high.  A summary  of  the  test 
results  are  presented  in  Table  1-1. 

The  demonstration  model  of  the  2.4kW  DC-DC  Converter/ Regulator  ful- 
fills the  need  for  standardized  U.  S.  Amiy  Power  Processing  Equipment. 

The  following  sections  present  a summary  of  the  review  of  power 
processing  techniques  as  applied  to  the  2.4kW  DC-DC  Converter/Regulator 
(Section  2),  a discussion  of  the  electrical  and  mechanical  design  (Section  3) 
and  a review  of  the  electrical,  thermal,  electromagnetic  and  acoustic  test 
results  (Section  4). 


TABLE  1-1  SUMMARY  OF  2.4KW  DC-DC  CONVERTER/REGULATOR  TEST  RESULTS 
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STANDBY  LOSSES  (10  = 0)  13.7W 


2.  STUDY  OF  POWER  PROCESSING  TECHNIQUES 


A stu4y  was  performed  on  the  electrical,  performance  and  packaging 
requirements  for  the  2.4kW  DC-DC  Converter/ Regulator  and  the  application 
of  state-of-the-art  power  processing  circuit  designs  and  power  semi- 
conductors. 

The  design  approach  is  influenced  greatly  by  the  input/output 
voltages,  output  power  and  the  availability  of  high  power  components. 

The  following  section  presents  the  results  of  the  study  of  the  power 
semiconductors,  of  power  processing  power  stages  and  basic  performance 
of  the  series  inductor/parallel  inverter  power  stages. 


Semiconductor  Component  Studv 


The  modulation  power  stage  must  by  necessity  operate  at  a high  fre- 
quency (10  to  25kHz)  to  effect  size  and  weight  saving.  The  immediate 
concern  is  to  identify  a high-power  semiconductor  switch  suitable  for  the 
intended  application:  It  is  therefore  necessary  to  review  the  power 
semiconductor  characterises  and  determine  the  component  limitations 
prior  to  the  selection  of  a given  power-stage  configuration. 


Due  to  the  low  input  voltage  of  20VDC,  the  saturated  drop  of  the 
semiconductor  must  be  minimized  in  order  to  obtain  the  highest  possible 
conversion  efficiency.  The  thyristor  was  eliminated  early  in  the  program, 
due  to  high  saturated  drop  (2,0V),  therefore,  only  a detailed  view  of 
the  power  transistor  was  performed. 

The  characteristics  to  be  reviewed  are  the  following: 

t Voltage  rating 

t Current  rating 

• Maximum  power  capability 

e Secondary  breakdown  area 

• Rise  and  fall  time 

• Storage  time 

• Drive  requirements 

• Saturation  drop 

• Mechanical  configuration 

• Cost 


Table  2-1  presents  the  data  on  the  commercially  available  high 
power  transistors.  Due  to  a developmental  nature  of  these  high  power 
devices,  addequate  characterization  does  not  exist  and  the  unit  costs 
are  high  at  this  time. 

The  conclusion  of  this  study  was  tint  two  2N3066  transistors  from 
RCA  would  be  used  in  parallel  for  each  power  switch  used  in  the  DC-DC 
Converter/Regulator  and  as  the  high  power  semiconductor  technology  would 
be  further  improved,  they  could  be  easily  incorporated  in  the  present 
DC-DC  Converter/Regulator  electrical  design. 


2.2  Power  Stage  Configuration  Stud 

The  power  stage  configuration  is  greatly  influenced  by  the  type  of 
power  semiconductors  used  to  provide  the  on-off  switching  necessary  for 
dc  to  ac  inversion  and  input-output  power  modulation  and  regulation. 

In  transistor  power  technology,  the  power  switch  can  be  controlled 
by  the  application  and  removal  of  power  from  the  base  terminal. 

In  thyristor  power  technology,  the  power  switch  can  be  turned  on 
by  the  application  of  power  to  the  gate  terminal  but  the  power  switch  turn- 
off can  only  be  performed  by  external  circuitry  and/or  components  that  force 
the  thyristor  current  to  zero  for  a minimum  time  period  after  which  the 
thyristor  can  remain  in  an  off  or  non-conducting  condition. 

Due  to  the  elimination  of  the  power  thyristor  due  to  its  high  sa- 
turated drop  in  comparison  with  the  minimum  dc  input  supply  voltage;  only 
transistor  power  processing  circuits  were  reviewed  for  application  to  the 
DC-DC  Converter  Regulator. 

Table  2-II  shows  the  classification  of  power  stages  for  transistor 
semiconductors  that  were  reviewed  for  application  in  the  2.4KW  DC  to  DC 
Converter/Regulator. 

Paralleling  and  phase  displacement  of  power  stages  will  also  be  con- 
sidered in  order  to  reduce  the  input/output  filter  weight  and  to  reduce 
the  peak  current  and/or  voltage  stressing  of  the  respective  power  semicon- 
ductors . 

TABLE  2-II  CLASSIFICATION  OF  TRANSISTOR  POWER 
STAGE  CONFIGURATIONS 

Transistors 

Center  Tap  Transformer  Parallel  Inverter 

Bridge  Parallel  Inverter 

Series  Chopper  Regulator  with  Centertap 
Transformer  Parallel  Inverter 

Buck-Boost  Converter 

Series  Resonant  Inverter  (Half  Bridge) 
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The  selection  of  an  optimum  power  stage  configuration  for  a particular 
application  initially  involves  the  elimination  of  the  vast  majority 
of  potential  candidates. 

The  specified  requirements  for  this  application,  which  most  influence 
the  selection  of  power  stage  configuration  are: 

t Efficiency 

t Input  & Output  Voltage  Requirements 

• Power  Level 

• Power  Component  Limitation 

• Rel  i abi  1 i ty 

The  requirement  for  "free  convection"  cooling  makes  high  efficiency 
important.  Power  dissipation  within  the  package  significantly  impacts  on 
unit  size  and  weight  since  finned  heat  sinks  are  required  to  transfer  heat 
to  the  surrounding  air  and  maintain  components  within  their  temperature 
ratings. 

In  power  systems  such  as  this,  where  prime  power  is  derived  from 
battery  energy  storage,  the  quality  of  the  system  is  measured  by  utilization 
of  the  energy  available.  The  cost  and  bulk  of  the  energy  storage  system 
usually  offer  sufficient  leverage  on  efficiency  to  warrant  increased  com- 
plexity and  cost  in  the  converter  process  to  accomplish  overall  system  cost 
and  size  reductions. 

The  high  power  rating  combined  with  the  requirement  for  continuous 
operation  at  20Vdc  input  voltage  places  severe  requirements  on  switching 
devices,  magnetics,  and  distribution  cables  within  the  packaged  unit. 

DC  input  current  will  range  as  high  as  140  Amps.  Currents  of  this  mag- 
nitude require  large  conductors  which  make  it  difficult  to  route  power  through 
input  breakers  and  about  the  package. 

The  use  of  a single  switching  element  as  opposed  to  several  carrying 
proportionally  smaller  currents  results  In  high,  "skin  effect"  losses  in 
wires  carrying  AC  currents  and  complicates  the  thermal  design.  The  high 
concentration  of  power  loss  In  a single  element  makes  it  difficult  to  main- 
tain thermal  gradients  from  the  active  area  of  the  semiconductor  switch 
to  the  outside  world.  The  use  of  several  switches  or  modules  divides 
the  power  loss  between  elements  and  allows  physical  displacement. 


* Breaking  the  power  stage  up  into  several  lower  power  level  units  also 

reduces  wire  sizes,  minimizes  "skin  effect"  losses,  mechanical  wiring  routing 
arid  terminal  problems. 

High  frequency  transformers  carrying  high  currents  are  mechanically 
difficult  to  build  and  in  general  have  poor  magnetics  coupling.  Large 
conductor  size  is  difficult  to  bend  and  form  around  the  small  radius 
peculiar  to  the  small  size  of  high  frequency  magnetics.  In  addition,  the 
power  concentration  in  the  part  poses  special  problems  of  "Hot-Spot" 
thermal  control . 

An  important  measure  of  the  quality  of  a power  stage  is  the  amplitude 
of  currents  switched.  Selection  of  a power  stage  with  the  lowest  RMS 
current  levels  will  result  in: 

• Lower  part  stresses 

• Smaller  EMI  and 

• Lower  I2R  losses  in  a given  conductor  size 

• Reduced  audio  noise 

• Higher  efficiency 

• Lighter  weight 

The  bridge  parallel  inverter  configuration  was  eliminated  because  of 
its  lower  power  conversion  efficiency  because  two  saturated  drops  were  in 
series  with  the  power  transformers. 

The  series  chopper  regulator  with  centertap  parallel  inverter  was  also 
eliminated  because  of  the  lcwer  power  conversion  efficiency  due  to  the  series 
power  transistor  in  the  chopper  and  push-pull  inverter  transistors. 

The  Buck  Boost  Converter  was  eliminated  because  of  the  poor  current  form 
factor  and  their  higher  RMS  currents  and  the  associated  higher  I2R  losses. 

The  series  resonant  inverter  was  sliminated  due  to  the  high  RMS  current 
that  would  flow  over  the  20  to  40Vdc  input  voltage  range  and  due  to  the 
increased  input  and  output  filtering  requirements  when  operating  at  low  output 
power  level  and  the  basic  pulse  modulation  frequency  is  reduced  for  output 
regulation  purposes. 

Since  transistors  as  power  switches  require  paralleling  to  obtain  the 
required  high  current  rating,  the  selected  approach  must  assure  good  current 
sharing. 
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+DC  INPUT 


FIGURE  2-2.  MODULAR  CONVERTER  WITH  PARALLEL  DC  SECONDARY  CONNECTION 


Figures  2.1  and  2.2  Illustrate  the  basic  configuration  that  can  fulfill 
the  basic  requirements  of  the  2.4KW  DC  to  DC  Converter/Regulator  and  includes 
transistor  power  stages  operating  from  a low  voltage  dc  input,  preliminary 
designs  will  be  performed  to  determine  efficiency,  weight,  size,  cost  relia- 
bility and  manufacturing  characteristics. 

Figure  2-1  shows  a parallel  inverter  configurate  where  the  primaries  in 
parallel  with  the  power  source  and  secondaries  are  in  series  with  the  output 
load  to  ensure  load  current  sharing  between  power  stages.  Input  inductors  LI 
and  L2  limit  the  peak  primary  current  during  transformer  saturation  and  during 


overlap  of  the  power  transistors.  Inductor  LO  filters  the  current  to  the  out- 
put load  and  is  in  series  between  the  load  and  transformer  secondary. 

Figure  2-2  shows  a parallel  inverter  configuration  where  the  primaries 
are  in  parallel  with  the  power  source  and  the  transformer  secondaries  are  in 


parallel  with  the  output  load. 

An  inductor  primary  is  in  series  between  the  power  source  and  the  power 
transformer  primary  and  differences  between  the  power  source  and  the  load  trans 
former  are  absorbed  by  the  series  inductor.  The  inductor  secondary  is  in  par- 
allel with  output  load. 

The  inductor  LI  and  L2  provides  protection  for  the  power  transistors 
during  transformer  saturation,  during  overlap  of  power  transistors  and  during 
output  starting  and  overloading. 

Table  2-1 I I presents  the  data  on  the  candidate  parallel  inverter  config- 
uration of  the  DC-DC  Converter  Regulator.  Figure  2-2  is  the  preferred  con- 
figuration due  to  the  lower  electrical  stresses  on  the  power  transistors  and 
due  to  the  lower  weight  of  the  input/output  filter  with  the  phase  displace- 
ment of  the  power  stage  and  the  net  high  ripple  frequencies.  A detailed 
discussion  of  this  power  stage  operation  is  presented  in  the  next  section. 


TABLE  2-1 II . TRADEOFF  OF  POWER  AMPLIFIER  CONFIGURATION 


TABLE  2-1 II.  CHARACTERISTICS  OF  POWER  STAGE  CANDIDATES 
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2.3  Series  Inductor/Parallel  Inverter  Power  Stage 

Due  to  the  new  power  stage  configuration  of  the  parallel  inverter,  a 
brief  dicussion  will  be  presented  In  order  to  understand  the  circuit  operation 
and  the  current  and  voltage  waveforms  on  each  of  the  circuit  components. 

Figure  2-3  is  the  schematic  for  the  series  inductor  parallel  inverter 
power  stage.  The  circuit  includes  the  series  inductor  L with  a primary 
and  secondary  winding,  power  transformer  T,  power  transistors  Q1  and  Q2, 
output  rectifiers  CR1 , CR2  and  CR3  and  output  filter  capacitor  C.  The 
power  transistor  are  controlled  by  a driver  stage  to  provide  the  correct 
pulse  width  modulation  to  satisfy  the  input/output  voltage  requirments. 

In  this  example  both  the  inductor  and  transformer  turns  ratio  is  assumed 
to  be  one. 

Figure  2-4  presents  transformer  voltage,  inductor  voltage  power 
transistor  Q1  current  and  voltage,  power  transistor  Q2  current  and  voltage 
and  rectifier  CR1 , CR2  and  CR3  current.  One  complete  cycle  is  present 
in  Figure  2-4,  Q1  on,  Q1  & Q2  off,  Q2  on  and  Q1  and  Q2  off.  The  example 
assumes  40  VDC  input  and  20  VDC  output. 

When  Q1  is  on,  the  40  volt  supply  voltage  is  across  the  series  inductor 
and  power  transformer.  The  change  in  the  power  transistor  current  Al  is 
due  to  the  flax  swing  of  inductor  L (E  = -L  This  same  current  mag- 

nitude is  flowing  in  the  output  diode  CR2  to  the  output  load  and  filter 
capacitor.  The  impressed  voltages  across  transistor  Q2  is  equal  to  40  volt 
(2  x E0). 

When  Q1  turns  off,  the  energy  stored  in  inductor  L is  supplied  directly 
to  output  filter  capacitor  through  output  diode  CR1 . The  impressed  voltage 
across  the  power  transistors  is  E In  plus  EN1  (L)  and  equals  60V. 

When  transistor  Q2  is  turned  on  and  turned  off,  the  same  type  of 
waveform  exist  as  during  the  transistor  Q1  operation. 

It  is  interesting  to  note  the  basic  difference  of  the  transistor 
voltages  in  power  stage  configuration  as  compared  with  a conventional 
parallel  inverter  as  shown  in  Figure  2-1.  When  transistor  Q1  Is  turned  on 
the  voltage  across  Q2  equal  2 x e^n  vs  2 x eQ  as  In  this  configuration. 

When  transistor  Q1  is  turned  off  the  voltage  across  Q2  equals  e^n  vs  e^n 
+ eQ  as  in  this  configuration.  The  net  effect  is  that  the  peak  voltage 
stress  is  reduced  to  75%  of  the  conventional  design  configuration 
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The  basic  advantages  of  this  power  stage  configuration  are  (1)  lower 
peak  voltage  stress  on  the  power  transistor  (2)  the  series  inductor  always 

provide  an  impedance  in  series  with  power  transistor  and  therefore  has  in- 

* 

herent  current  limit  during  output  short,  power  transformer  saturation  and 
overlap  of  the  power  transistor  Q1  and  Q2. 

The  penalty  of  the  design  is  that  inductor  L is  about  50%  larger  due 
to  having  two  windings  instead  of  one  in  the  conventional  circuit  and  that 
an  additional  output  diode  is  required. 

The  improved  reliability  due  to  the  reduced  voltage  stress  and  current 
limiting  greatly  offset  the  slight  increase  in  the  weight  of  the  inductor 
and  the  addition  of  an  extra  power  diode. 


The  next  section  will  explain  in  detail  the  phase  displacement,  output 
load  sharing  and  control  techniques  for  output  voltage  regulation  and  output 
current  limiting. 


I 
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3.  DEMONSTRATION  MODEL 

After  the  completion  of  the  power  stage  configuration  and  power 
semiconductor  study,  an  electrical  design  was  performed  and  a breadboard 
was  fabricated  and  tested.  The  electrical  design  was  packaged  into  an 
demonstration  model  shown  in  Figure  3-1.  The  front  panel  dimensions  are 
19  inches  wide,  12.25  inches  high.  The  main  unit  dimensions  are  11  inches 
high,  16  inches  wide  and  18.25  inches  long  for  a volume  of  1.86  cubic  feet. 
When  the  brackets  for  the  cabinet  slides  are  added,  the  width  increases  to 
17  inches  and  the  volume  is  1.97  cubic  feet. 

The  total  weight  of  the  demonstration  model  as  shown  in  Figure  3-1. 
is  73.3  pounds. 

The  following  section  presents  a discussion  of  the  DC-DC  Converter/ 
Regulator  block  diagram,  electrical  design  and  mechanical  assembly. 


FIGURE  3-1  2.4KW  DC-DC  CONVERTER/REGULATOR  DEMONSTRATION  MODEL 
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3.1  Block  Diagram 

Figure  3-2,  presents  the  block  diagram  for  the  2.4KW  DC-DC 
Converter  Regulator. 

The  input  DC  power  (20-40V)  Is  fed  into  a input  EMI  filter, 
input  breaker  and  input  power  filter.  The  DC  power  goes  to  four 
identical  series  inductor/para 11 el  inverter  DC-DC  converter  power 
stages  each  handling  1/4  of  the  total  input  power. 

The  output  from  each  power  stage  goes  to  a common  output  filter, 
output  shunt,  output  breaker  and  output  EMI  filter. 

Each  power  stage  includes  a series  inductor,  power  transformer  and 
push/pull  power  transistors.  The  power  transistors  are  driven  by  a 
proportional  drive  by  means  of  a digital  signal  from  the  control  logic. 
The  control  logic  takes  signals  from  feedback  control  system  ring 
counter,  input  DC  line  voltage  and  instantaneous  transformer  primary 
current  and  generates  the  correct  digital  control  logic  for  the  push/ 
pull  power  transistors. 

The  control  logic  contains  a flip-flop  that  turns  the  two  power 
transistors  on  and  off.  The  on  time  is  initiated  by  a signal  from  the 
ring  counter.  The  turn  off  is  initiated  by  the  volt  second  control 
in  the  control  logic  or  the  primary  current  peak  current  sensor. 

The  volt  second  control  senses  the  input  line  voltage  and  allows 
a constant  volt-sec  of  energy  to  go  into  the  power  inductor  and  output 
power  transformer.  The  volt  sec  control  in  each  power  stage  module  is 
adjusted  during  test  so  that  all  power  modules  are  carrying  1/4  of  the 
total  output  power.  By  this  means,  no  additional  electronics  are  re- 
quired to  cause  forced  load  sharing. 

The  peak  current  sensor  constantly  monitors  the  power  transformer 
primary  current  and  therefore  the  power  transistor  current,  and  initiates 
a turn  off  if  the  instantaneous  peak  current  Is  beyond  a threshold  limit. 
This  provides  inherent  transistor  protection  during  all  transients  and 
steady  state  modes  of  operation. 
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A common  output  voltage  regulator  and  voltage  divider/remote  sense 
network  monitors  the  output  dc  voltage  and  in  conjunction  with  the  AC 
signal  from  the  output  filter  determines  a output  voltage  to  the  voltage  to 
frequency  oscillator  that  commands  the  turn-on  of  the  four  separate  phase 
displaced  power  modules  through  the  ring  counter. 

The  net  output  voltage  of  the  error  amplifier  provides  a voltage 
level  to  voltage  to  frequency  oscillator  which  is  the  heart  of  this 
control  system  in  that  all  power  modules  are  operating  at  the  same  fre- 
quency. The  oscillator  operating  frequency  is  proportional  to  the 
input  amplified  error  voltage. 

The  power  module  phase  displacement  is  controlled  by  the  ring  counter 
which  sends  sequential  pulses  to  each  of  four  power  modules  to  initiate 
power  transistor  turn  on. 

The  signal  from  the  output  shunt  and  current  regulator  overrides 
the  voltage  regulator  and  reduces  the  overall  operating  frequency  of  the 
voltage  to  frequency  oscillator  during  overload  operations.  Front  panel 
adjustments  are  provided  to  allow  for  the  24  to  32Vdc  output  voltage 
adjustment  and  for  the  0 to  75A  output  current  limit. 

The  output  of  the  voltage  to  frequency  oscillator  passes  through 
an  optical  isolator  that  isolates  the  output  power  ground  from  the  input 
power  ground  and  commands  the  ring  counter  to  provide  the  correct  duty 
cycle  of  the  four  separate  power  modules. 

An  undervoltage/ overvoltage  sensor  monitors  the  DC  input  power 
and  can  inhibit  the  ring  counter  operation  during  abnormal  input  line 
conditions  (less  than  20V  and  greater  than  40Vdc). 

The  front  panel  meter  can  monitor  the  DC  output  voltage  or  DC  output 
current. 

Control  electronics  power  is  obtained  from  the  main  DC  input  through 
a fuse  to  a control  electronics  DC-DC  converter.  The  control  electronics 
DC-DC  converter  provides  +10V  and  +5V  output  which  is  common  with  the 
input  power  ground  and  two  isolated  +10V  outputs  for  the  output  voltage 
and  current  regulators. 
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FIGURE  3-2  BLOCK  DIAGRAM  FOR  2.4KW  DC-DC  CONVERTER/ REGULATOR 


3.2  Electrical  Design 

The  electrical  design  is  contained  in  the  following  schematics: 

Figure  3-3,  Input  Filter  and  Front  Panel  Control 
Figure  3-4,  Output  Filter  and  Measurement  Circuit 
Figure  3-5,  Power  Stage 
Figure  3-6,  Drive  Amplifier 
Figure  3-7,  Control  Electronics 

The  schematics  also  contain  the  interconnections  between  schematics  and 
the  relative  location  of  the  component. 

A1  - Front  Panel 

A2  - Rear  Panel 

A3  - Left  Heat  Sink 

A4  - Right  Heat  Sink 

A5  - Center  Filter  Capacitor  Assembly 

A6  - Control  Electronics  Printed  Circuit  Card 

3.2.1  Input  Filter  and  Front  Panel  Controls 

Figure  3-3  contains  the  schematic  of  the  Input  EMI  Filter,  the 
Primary  Power  Circuit  Breaker  (CBl)  and  the  Two  Stage  Input  Filter. 

The  first  stage  filter  includes  inudctor  LI  and  capacitors  Cl  and  C2. 

The  internal  resistance  of  Cl  and  C2  control  the  first  stage  resonance. 
The  second  stage  filter  includes  inductors  L2  and  L3  and  shunt  resistors 
R2  and  R3  to  control  resonant  peak.  The  second  stage  capacitors  are 
located  on  the  two  side  power  modules. 

The  shunt  diode  CR1  protects  the  DC-DC  converter  if  input  power 
is  connected  in  reverse  mode  and  also  protects  the  contacts  on  breaker 
CBl  from  the  input  filter  discharge  during  turn  off. 

The  schematic  also  contains  the  fuse  for  control  electronics  power, 
the  indicator  light  and  the  output  voltage  and  current  adjustment. 

Appendix  A presents  the  detailed  parts  list  for  the  2.4kW  DC-DC 
Converter/ Regulator. 


FIGURE  3-3  SCHEMATIC- INPUT  FILTER  AND  FRONT  PANEL  CONTROL 


3.2.2  Output  Filter  and  Measurement  Circuit 

Figure  3-4  contains  the  schematic  for  the  output  filter  and  measurement 
circuit.  The  output  includes  capacitors  C3  and  C4.  Transformer  T1  senses 
the  energy  change  in  the  output  filter  and  is  used  for  the  feedback  loop 
stability  compensation. 

The  output  EMI  filter  is  shown  for  the  main  power  line  and  remote 
output  sensing  lines. 

The  remote  sense  transfer  network  consists  of  resistors  R1  and  R2. 

The  meter  Ml  is  used  to  monitor  output  voltage  or  output  current 
across  shunt  R1  located  on  the  rear  panel  A2.  The  voltage  across  the 
shunt  is  also  used  for  current  limiting  in  the  control  electronics. 

3.2.3  Power  Stage 

Each  side  heat  sink  includes  two  power  stages  and  its  associated 
drive  amplifiers. 

Figure  3-5  presents  the  schematic  of  the  four  power  stages.  The 
power  stage  includes  two  sets  of  parallel  power  transistors  Q1-Q2  and 
Q3-Q4  operating  in  push-pull  operation  in  a parallel  inverter  configur- 
ation. The  module  input  capacitor  Cl  & C3  form  the  second  stage  input 
filter  network  shown  in  the  input  filter  network. 

Zener  VR1  limits  the  maximum  peak  voltage  that  can  appear  across  the 
power  transistor  collector  emitters. 

The  power  magnetic  assembly  T1  include  the  series  inductor  (T1562A), 
power  output  transformer  (T1527A)  and  peak  current  sense  transformer  (T1471A). 

The  output  from  the  inductor  and  power  transformer  is  rectified  by 
diodes  CR1  and  CR2.  Local  energy  storage  is  provided  by  capacitor  C2  and 
C4.  The  output  of  the  current  sense  transformer  is  used  for  instantaneous 
protection  of  the  power  transistors  by  means  of  the  control  logic. 


FIGURE  3-4  SCHEMATIC-OUTPUT  FILTER  AND  MEASUREMENT  CIRCUIT 
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3.2.4  Drive  Amplifier 

Figure  3-6  presents  schematic  of  the  drive  amplifier.  The  drive 
amplifier  Includes  two  proportional  base  drive  transformers  T1  and  T2  and 
the  drive  transistor  Q1  through  Q4.  When  Q3  is  turned  off  by  shorting 
the  base  to  ground,  transistor  Q1  Is  turned  on  and  developes  voltage 
across  transformer  T1  and  power  flows  in  winding  1-2  into  the  power  trans- 
istor base.  As  current  Increases  in  the  collector  of  the  power  transistors 
and  flows  in  winding  7-8,  this  provides  a base  current  in  Q1  to  be  pro- 
portional to  the  collector  current  in  winding  1-2.  When  transistor  Q3 
is  turned  on,  transistor  Q3  shorts  out  the  drive  to  Q1  and  places  a short 
across  transformer  T1  by  means  of  winding  3-4  and  shorts  out  the  current 
flow  in  winding  1-2.  After  the  power  transistors  have  turned  off,  reverse 
bias  drive  voltage  is  generated  through  resistor  R7  through  winding  3-4. 

3.2.5  Control  Electronics 

Figure  3-7  presents  the  schematic  of  the  control  electronics  and 
contains  the  following  functions: 

• Control  electronics  DC-DC  converter 

• Undervoltage/ overvoltage  sensor 

t Output  voltage  regulator 

• Output  current  limiter 

• Voltage  to  frequency  oscillator 

• Input/output  signal  ground  isolator 

t Ring  counter  to  turn  on  each  power  stage  electronics 

• Four  identical  power  stage  control  electronics  to  control 
the  pulse  width  modulation  as  a function  of  input  line  and 
instantaneous  power  transistor  current. 

In  the  control  electronics  DC-DC  Converter,  a switching  regulator  is  formed 
by  transistors  Q1-Q3  and  operational  amplifier  Ul.  A +10V  output  is  gen- 
erated across  the  output  filter  capacitor  C6.  I.C.  voltage  regulator  U2 
generates  a +5V  output  from  the  +10V  output.  Two  isolated  +10V  outputs 
are  obtained  from  the  output  filter  inductor  LI. 

The  undervoltage  sensor  is  U6  and  the  overvoltage  sensor  is  U5  and 
turns  the  control  electronics  off  below  20Vdc  and  above  40Vdc  input. 
Operational  amplifier  U4  is  the  voltage  regulator. 

The  AC  signal  from  the  output  filter  capacitor  for  the  ASDTIC  control 
is  fed  to  the  network  CR4,  CR5,  R21  and  amplifies  U4. 
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FIGURE  3-6  SCHEMATIC-DRIVE  AMPLIFIER 


FIGURE  3-7  SCHEMATIC-CONTROL  ELECTRONICS 
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Operational  amplifier  U3  is  the  output  current  limiter  and  its 
output  is  fed  into  the  voltage  regulator  U4. 

The  output  from  the  voltage  regulator  U4  goes  into  the  voltage 
to  frequency  oscillator  U7  whose  output  frequency  is  proportional  to 
the  error  input  voltage  from  U4. 

The  optical  isolator  U8  passes  digital  signals  from  the  output 
ground  to  the  input  ground,  thereby  providing  the  necessary  ground 
isolation  in  the  control  electronics  and  output  power  from  the  input 
power  lines. 

The  digital  signals  from  U8  pass  through  the  gate  U10  PIN  5 and 
into  the  ring  counter  U9.  Outputs  from  the  undervoltage  sensor  U6 
and  overvoltage  sensor  U5  are  inhibited  by  U10  PIN  5 and  stops  any 
pulse  information  from  U8  to  pass  into  the  ring  counter  U9. 

Four  separate  signals  are  obtained  from  U9  (ring  counter)  to 
operate  the  four  separate  power  stage  control  electronics  and  provides 
the  necessary  phase  displacement. 

The  power  stage  control  electronics  are  the  same  for  all  stages  and 
therefore  only  one  stage  of  control  electronics  will  be  discussed. 

Driver  amplifier  U22  provides  the  necessary  digital  signals  to  the 
proportional  drive  system  discussed  in  Figure  3-6. 

The  on-time  of  the  drive  amplifier  U22  is  controlled  by  the  timer 
U17  and  the  voltage  on  its  timing  capacitor  C35.  The  normal  on-time 
is  determined  by  the  charging  resistors  R53  and  R61  and  the  input  line 
voltage.  This  RC  time  constant  is  proporational  to  input  line  voltage 
and  gives  a constant  voltage  of  energy  to  the  power  stage  inductor 
and  power  transformer.  R61  - R64  is  the  timing  adjustment  for  each 
respective  power  stage. 

At  the  beginning  of  each  half  cycle,  the  monostable  multivibrator 
U12  generates  a 0.1  ps  pulse  that  resets  the  timer  U17  and  its  timing 
capacitor  C35  through  transistor  Q4. 

When  currents  flow  in  the  power  transistors  of  the  power  stage, 
a voltage  is  generated  across  resistor  R74.  This  voltage  is  compared 
in  the  voltage  comparator  U21.  If  the  voltage  value  is  greater  than 
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the  reference  value,  an  output  is  generated  which  causes  the  timing 
capacitor  C35  to  be  charged  up  faster  thereby  terminating  the  on- 
time  pulse  during  that  particular  half  cycle.  This  circuit  provides 
instantaneous  peak  current  protection  for  the  power  switching  trans- 
istors. Adjustment  is  provided  by  resistor  R67. 

This  demonstrates  the  volt-second  control  of  the  electronics 
and  the  peak  current  sensing  action. 

3.3  Reliability  Prediction 

A reliability  prediction  was  performed  on  the  DC-DC  converter 
module  based  on  MIL-HBK  217B.  Table  3-1  presents  the  part  types, 
failure  rate,  quantity  of  components  and  total  failure  rate.  The 
analysis  shows  a 8265  hour  mean-time  between  failure  and  exceeds 
the  5000  hour  MTBF  contract  goal . 


TABLE  3-1  DC-DC  CONVERTER/REGULATOR  RELIABILITY  PREDICTION 


Part  Type 


Failure  Rate  Per  10®  Hr.  Quantity 


Total 

Failure  Rate  Per 
10°  Hour 


Diode  Power 

.9 

9 

8.1 

Signal 

.68 

35 

23.8 

Zener 

.85 

6 

5.1 

Transistor 

.9 

39 

35.1 

Magnetic  Power 

.034 

12 

.4 

Signal 

.0045 

9 

.04 

Cap.  Elec. 

.11 

4 

.4 

Poly. 

.0012 

25 

.03 

Mi a/Cerami c 

.06 

60 

3.5 

Tant. 

.052 

9 

.47 

Resistor  Power 

.18 

4 

.72 

Film 

.042 

23 

.97 

Carbon 

.0085 

76 

.65 

Pot 

8.5 

2 

17.0 

Trim  Pot 

.9 

10 

9.0 

I.C. 

1.2 

24 

28.8 

Connector 

1.0 

2 

2.0 

Breaker 

.5 

2 

1.0 

Swi tch 

.1 

1 

.1 

LT 

.2 

1 

.2 

Meter 

.5 

1 

.5 

Fuse  Holder 

.1 

1 

.1 

Shunt 

.0085 

1 

.008 

Total  Failure  Rate  121  bits/10®  hour 


Mean  time  between  failures  (MTBF) 


8265  hours 


3.4  Mechanical  Assembly 

The  demonstration  model  of  the  2.4kW  DC-DC  Converter  Regulator, 
shown  in  Figure  3.1,  is  divided  up  into  nine  electrical/mechanical 
subassemblies: 

A1  Front  Panel  (Breakers  & Meter  and  Control) 

A2  Rear  Panel  (Connectors,  EMI  Filters,  Input 

Inductor  and  Output  Shunt) 

A3  & A4  Side  Panels  (Identical  Two  Power  Modules  on  Each) 

A5  (Center  Bracket  Input/Output  Filter  Capacitors) 

A6  Control  Card 

A7  Mounting  Frame  4 Thermal  Barrier 

A8  & A9  Top  and  Bottom  Covers 

Figure  3-8  shows  the  open  view  of  DC-DC  Converter/Regulator  which 
allows  electrical  checkout. 

Figure  3-9  shows  the  front  panel  (A-l).  It  has  a dimension  of  12.25 
inch  high  and  19  inch  wide,  it  contains  the  input  breaker,  indicator 
light,  control  power  fuse,  output  breaker,  output  voltage  and  current 
adjustments  and  the  output  meter  and  its  selector  switch.  The  input 
controls  are  grouped  at  the  left  and  the  output  controls  are  grouped  on 
the  right. 

Figure  3-10  shows  the  rear  panel  (A-2)  with  input  connector  (Top)  and 
output  connector  (Bottom). 

Figure  3-11  shows  the  side  panels  (A-3  power  stage).  It  is  the  same 
for  other  panel  A-4.  It  contains  two  series  inductor  parallel  inverter 
power  stages  each. 

The  A5  module  is  shown  in  the  center  of  Figure  3-8.  It  contains 
the  input  filter  capacitor  on  its  front  side  and  the  output  filter  ca- 
pacitors on  the  rear  side. 

Figure  3-12  shows  the  printed  circuit  board  (A-6)  for  the  low  level 
control  electronics.  It  can  be  removed  from  the  bottom  of  the  demonstra- 
tion model. 
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FIGURE  3-10  REAR  PANEL  VIEW 
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All  heat  producing  components  are  located  on  A-2,  A-3  and  A-4 
assemblies.  The  front  panel  A-l  does  not  have  any  heat  producing 
component  to  allow  the  front  panel  to  be  maintained  at  low  temperatures 
for  personnel  safety  from  burns.  - ; 


4.  TEST  RESULTS 


The  DC-DC  converter/ regulator  demonstration  model  was  fully  tested. 
The  following  sections  sumnarizes  the  test  results  and  is  grouped  into 
the  following  four  sub-sections: 

• Electrical  Performance 

• Thermal  Control 

• Electromagnetic  Interference 

• Acoustic  Noise 


I 
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4.1  Electrical  Performance 


The  electrical  performance  test  results  include: 

Line  voltage  regulation 
Load  current  regulation 
Output  ripple 
Output  current  limit 
Battery  charging 

Undervoltage/Overvoltage  protection 
Output  regulation  due  to  ambient  temperature 
Remote  sense  regulation 
Efficiency 

Step  load  transient  response 
Continuous  72  hour  operation 

Table  4-1  presents  the  test  summary  of  the  output  regulation  due  to 
input  line  voltage  changes  from  20VDC  to  40VDC. 

Table  4-II  presents  the  test  summary  of  the  output  regulation  due  to 
output  load  current  variation  from  0 to  75A.  The  dual  loop  feedback  system 
(ASDTIC)  allows  the  output  voltage  regulation  error  to  be.  extremely  small 
without  any  feedback  control  system  instabilities. 

Table  4-III  presents  the  output  ripple  data  at  the  different  output 
voltage  settings  and  load  currents.  The  output  ripple  value  exceeds  the 
specification  goal  of  50mV  RMS. 

Table  4-1 V presents  the  current  limit  regulation  data  for  output 
current  limiting  setting  at  5A,  25A  and  75A.  The  maximum  current  regula- 
tion is  less  than  1A.  The  DC-DC  converter/regulator  was  operated  with  a 
lead  calcium  battery  bank  both  during  the  current  limit  mode  and  voltage 
limit  mode.  No  output  Instability  was  noted  during  the  battery  charging 
mode. 

Table  4-V  presents  the  data  on  the  undervoltage  and  overvoltage  turn 
off  of  the  unit.  Both  the  IR  drop  between  the  power  source  and  demonstra- 
tion model  and  power  source  dynamic  response  influence  the  exact  reading. 
The  unit  has  adjustments  for  the  voltage  setting  but  the  setting  hysteresis 
Is  fixed.  This  hysteresis  should  be  adjusted  to  be  compatible  with  the 
power  source  and  cabling  characteristics. 


TABLE  4-1 


OUTPUT  REGULATION  DUE  TO  LINE  CHANGE 


e 

0 

AEq  (e.n  20  to  40V) 

24V 

6mV 

28  V 

12mV 

32V 

16mV* 

*Note:  Input  line  variation  was  22  to  40Vdc  during 
this  test. 


TABLE  4- I I 

OUTPUT  REGULATION  DUE  TO  LOAD  CHANGE 


eo 

AEq  (IQ  0 to  75A) 

24 

2mV 

28 

3mV 

32 

4mV 

m 


Table  4-VI  presents  results  of  demonstration  model  output  voltage 
regulation  due  to  line,  load  and  ambient  temperature  variation. 

Table  4-VII  presents  output  voltage  regulation  with  the  demonstra- 
tion model  operating  in  the  remote  sense  mode.  When  the  remote  sense 
line  is  open  the  unit  automatically  transfers  to  internal  local  sense 
for  output  voltage  regulation. 

Figure  4-1  through  4-3  presents  the  power  efficiency  of  the  demon- 
stration model  for  eQ  = 24V,  eQ  * 28V  and  eQ  = 32VDC.  Efficiency  is 
shown  as  a function  of  output  current  and  as  a function  of  input  DC 
voltage  of  28V,  28V  and  40VDC.  The  no  load  standby  losses  are  less  than 
13W  at  maximum  input  line. 

Figure  4-4  presents  the  output  transient  response  when  the  output 
is  switched  between  0 and  75A  (No  load  - full  load).  Figure  4-5  presents 
the  output  transient  response  when  the  output  is  switched  between  33  and 
75A  (half  load  - full  load). 

In  Figure  4-4a,  the  output  voltage  deviation  is  2 V when  going  from 
no  load  to  full  load.  In  Figure  4-4b  the  output  deviation  is  0.6V  when 
going  from  full  load  to  no  load. 

In  Figure  4-5a,  the  output  voltage  deviation  is  0.8V  when  going  from 
i If  load  to  full  load.  In  Figure  4-5b  the  output  voltage  deviation  is 
0.15V  when  going  from  full  load  to  half  load. 

These  transient  response  photo's  demonstrate  the  good  dynamic  res- 
ponse generated  by  the  application  of  the  dual  loop  feedback  control 
system  that  is  used  for  the  output  voltage  regulation. 

Table  4-VIII  presents  the  data  obtained  during  the  continuous  72  hour 
operation.  After  the  first  two  hours  the  output  voltage  deviation  was  2mV. 
Operating  temperature  data  of  the  demonstration  model  was  taken  during 
this  test  and  is  presented  in  Section  4.2  Thermal  Control. 
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TABLE  4-V  UNDERVOLTAGE/OVERVOLTAGE  PROTECTION 


Operation  Mode 

ein 

Normal  eQ  = 28V 

I0  ■ 75A 

28V 

Undervoltage  Turn  Off 

18.9 

Undervoltage  Turn  On 

19.420 

Overvoltage  Turn  Off 

47.85 

Overvoltage  Turn  On 

40.045 

TABLE  4-VI  AMBIENT  TEMPERATURE  REGULATION 

Output  Voltage  Regulation  due  to  Ambient  Temperature  of  0°F  to  120°F 


eo 

aEq  ein  - 20-40V  Ta  0°F  to  120°F 

IQ  = 0-75A 

24 

47mV 

28 

16mV 

32 

34mV 

TABLE  4-VI I REMOTE  SENSE  REGULATION 
Remote  Sense  Regulation  at  eQ  = 28V/  e.  = 28V 


Test  Condition 

Output  Deviation 

Load  regulation  (0  - 75A) 

6m  V 

Temperature  regulation  (0°F-120°F) 

6mV 

Scale 
lV/Div 
5ms/Di  v 


Scale 
0.5V/Di v 
2ms/Div 


a)  Half  Load  to  Full  Load 


B Scale 

O.lV/Div 
20ms/ Div 


b)  Full  Load  to  Half  Load 


FIGURE  4-5  OUTPUT  STEP  LOAD  TRANSIL  RESPONSE  (HALF  LOAD-FULL  LOAD) 
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Thermal  Control 


4.2 

The  Demonstration  Module  was  instrumented  with  (11)  thermocoupler 
in  order  to  evaluate  the  thermal  control  design.  The  unit  was  operated 
at  28  volts  input  and  28  volts  75  amperes  output  at  room  ambient  and  free 
convection  cooling.  These  temperatures  were  monitored  during  the  72 
hour  continuous  operation  test  to  identify  any  long  range  change  or 
component  aging.  The  unit  operated  satisfactorily  during  the  test. 

Table  4-  IX  presents  the  data  of  the  temperature  rise.  The  test  data 
illustrates  that  all  component  temperature  are  within  component  temperature 
applications. 

The  hottest  temperature  rise  (94°F)  was  the  internal  ambient  air 
temperature  near  the  output  filter  capacitor  A5C3  and  A5C4.  A review  of 
the  component  in  the  area  showed  that  the  air  temperature  rise  was  due 
to  power  loss  in  the  output  shunt  resistor  A2R1 . The  shunt  is  mounted 
on  a bakelite  base  which  does  not  allow  heat  transfer  by  conduction 
into  the  rear  panel  A-2.  Losses  were  also  noted  in  the  input/output  EMI 
filter  hardware. 

The  front  panel  temperature  rise  was  39°F  for  an  absolute  value  of 
117°F  which  is  above  110°F  goal.  A coat  of  paint  on  the  back  surface 
of  A-l  should  increase  the  thermal  resistance  of  A-l  and  reduce  the  amount 
of  heat  flow  from  the  internal  air  to  the  front  panel. 
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TABLE  4- IX  TEMPERATURE  RISE  OF  DEMONSTRATION  MODULE  TEST  POINTS 


Temperature  rise 


Test  Points 

above  ambient  °F 

Air  above  Power  Magnetic 

A3T1 

85 

Rectifier  Case  A3CR2 

92 

Heat  sink  in  center  of 

A3Q4-Q5 

78 

Capaci tor  case  A3C1 

79 

A 

Air  above  Capacitor  A5  C3,  C4 

94 

Air  above  Capacitor  A5  Cl,  C2 

85 

Printed  circuit  board  for  A6  (Center) 

76 

A3  heat  sink  temperature 

70 

A4  heat  sink  temperature 

71 

A1  front  panel  (below  current  and  voltages 
adjustment)  R3,  R4 

39 

A2  read  panel  temperature  under  A2L1 

62 

1 

Test  Conditions: 

i 

i 

free  convection  cooling 

■1 

Input  28VDC 

Output  28VDC  75  amperes 
Internal  losses  407  watts 
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4.3  Electromagnetic  Interference  Tests 

Electromagnetic  Interference  Tests  were  performed  on  the  Demonstration 
Model  per  MIL-STD-461A.  Both  conducted  and  radiated  emission  tests  were 
performed.  The  unit  was  operated  from  a lead  calcium  battery  power  source 
and  at  28V  75A  output. 

Conducted  narrowband  and  broadband  emission  tests  were  performed 
on  the  input  power  line,  output  power  line  and  remote  output  sense  line. 

Figure  4-6  presents  the  narrowband  data  on  the  input  power  line.  The 
high  peak  at  64kHz  was  due  to  the  resonance  of  the  second  stage  input 
filter  capacitors  and  the  cabling.  Addition  of  the  second  stage  inductor 
and  damping  resistance  reduces  this  current  reflection  into  the  power 
source.  Figure  4-7  presents  the  narrowband  data  on  the  output  power  line. 
Figure  4-8  presents  the  narrowband  data  on  the  remote  output  sense  line. 
Additional  filtering  of  the  remote  sense  line  should  reduce  the  out  of 
tolerance  condition  in  the  70kHz  to  300kHz  frequency  range.  Figure  4-9 
through  4-11  presents  the  broadband  emission  data  from  the  input  power 
line,  output  power  line  and  remote  sense  line,  respectively.  Figure  4-12 
and  4-13  presents  the  narrowband  and  broadband  radiated  emission  from  the 
demonstration  model. 

MIL-STD-461A,  Notice  4 specification  limits  are  shown  on  each  curve  to 
identify  out  of  tolerance  conditions. 
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a)  HORIZONTAL  POLARITY 


4.4  Acoustic  Noise  Tests 


Preliminary  acoustic  noise  measurement  tests  were  performed  on  the 
Demonstration  Unit.  Figure  4-14  illustrates  the  test  setup  used.  The 
General  Radio  type  1933  sound  system  analyzer  was  used  in  the  "A"  Filter 
mode.  The  operating  conditions  were  off,  28  volts  75  amp,  28  volts 
50  amp  and  28  volts  25  amp  outputs.  Measurements  were  made  from  the 
front  and  side  panels  on  the  demonstration  unit.  Table  4- X presents 
the  test  results. 

Noise  levels  increased  above  ambient  in  the  8 KHz  and  16  KHz  range. 
The  side  panels  which  contains  the  power  magnetics  had  higher  noise 
reading  than  the  front  panel.  The  noise  level  varies  with  output  current 
with  maximum  level  occurring  at  maximum  output  current. 


TABLE  4-X  ACOUSTIC  NOISE  MEASUREMENTS  OF  DC-DC  CONVERTER  REGULATOR 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  2.4kW  DC-DC  Converter/Regulator  described  in  this  report  demon- 
strates a significant  advance  in  power  processing  technology. 

The  following  is  a summary  of  the  milestones  accomplished: 

1.  Development  of  the  transistorized  series  inductor  parallel 
inverter  power  stage  which  protects  the  power  transistor  and 
reduces  its  peak  voltage  and  power  stresses. 

2.  Phase  displaced  operation  of  four  separate  power  modules  from 
one  output  voltage  regulator  with  excellent  regulation  and 
transient  response  and  reduced  input/output  filtering  require- 
ments. 

3.  Mechanical  packaging  that  facilitates  maintainability. 

4.  Thermal  control  concept  that  ensures  adequate  component 
operating  temperature. 

The  electrical,  mechanical  and  thermal  characteristics  demonstrate 
the  basic  capability  of  the  2.4kW  DC-DC  Converter/Regulator.  It  fulfills 
the  requirement  for  the  standardized  power  module  for  the  U.  S.  Army 
Communication,  Data  Handling,  Survei lance  and  Weapons  Systems. 

Continued  component  development  is  required  for  the  power  transistor 
to  improve  its  switching  characteristics  and  thereby  reduce  losses  and 
improve  overall  efficiency. 

Only  minor  modifications  are  required  for  the  EMI  filter  in  order  to 
meet  MIL-STD-461A,  Notice  4,  and  for  the  mounting  of  the  components  on  the 
A2  module  to  reduce  the  demonstration  model  internal  air  temperature  when 
operating  in  a free  convection  cooling  mode  only. 
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APPENDIX  A - PARTS  LIST 


The  following  parts  list  contains  the  components  used  on  each 
subassembly. 

A1  through  A6.  The  reference  designators  agree  with  the  schematics 
presented  in  Section  3-2  Electrical  Design. 
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